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Switchable wavelength-selective and diffuse metamaterial absorber/emitter with a phase transition spacer layer We numerically demonstrate a switchable metamaterial absorber/emitter by thermally turning on or off the excitation of magnetic resonance upon the phase transition of vanadium dioxide (VO 2 ). Perfect absorption peak exists around the wavelength of 5 lm when the excitation of magnetic resonance is supported with the insulating VO 2 spacer layer. The wavelength-selective absorption is switched off when the magnetic resonance is disabled with metallic VO 2 that shorts the top and bottom metallic structures. The resonance wavelength can be tuned with different geometry, and the switchable metamaterial exhibits diffuse behaviors at oblique angles. The results would facilitate the design of switchable metamaterials for active control in energy and sensing applications. Great progresses have been made on both selective absorbers and thermal emitters in the past decade, and enormous applications like radiative cooling, 1 sensing, 2 and energy conversion systems 3, 4 have been found. Selective absorption has been achieved in a wide range from THz to visible. Tao et al. 5 demonstrated 70% absorption at 1.3 THz with a metamaterial design consisting of a bilayer unit cell. Chen et al. 6 proposed a dual-band selective absorber for infrared spectroscopy. By shrinking the feature size of structures, selective absorption has been obtained in the visible range for the applications like solar absorption and light trapping. [7] [8] [9] On the other hand, a great number of selective emitters have been designed for energy-related applications. Wang et al. 10 investigated a selective emitter made of a photonic crystal structure sandwiched by SiC gratings. Arnold et al.
11 demonstrated two-dimensional (2D) selective emitters by exciting surface phonon polaritons in SiC gratings. Argyropoulos et al. 12 promoted a selective emitter based on plasmonic Brewster metasurfaces. Shu et al. 13 showed a selective emitter constructed by porous metal-based multilayers. In addition, selective absorbers/emitters made of film-coupled plasmonic metamaterials by exciting magnetic resonance were also studied. [14] [15] [16] [17] [18] One concern is that all aforementioned structures are static, while active control in the selective absorption or emission is highly beneficial in practical applications. Recent efforts have been made in actively tuning material radiative properties. Shrekenhamer et al. 19 proposed a liquid crystal based metamaterial with tunable absorption in THz by applying external electric field to change the optical properties of liquid crystal. Thongrattanasiri et al. 20 proved selective absorption in the infrared through periodically patterned graphene structures, and the absorption is tuned via electrostatic doping of graphene. Cong et al. 21 discussed potential of split-ring resonator as a tunable selective absorber by use of InSb, whose carrier density can be adjusted by utilizing optical pumping or changing surrounding temperature.
Vanadium dioxide (VO 2 ) has been known for its phase transition at temperature of 68 C, above which it is an isotropic metal or a uniaxial insulator otherwise. 22, 23 Tunable metamaterial absorbers in the microwave 24 and THz regimes 25 were designed by using VO 2 film as the ground plane to modulate the impedance match conditions for splitring resonators (SRRs). Dicken et al. 26 reported a metamaterial with tunable resonance frequency in the near-infrared by depositing SRRs on a continuous VO 2 film, which modulates surface plasmon at different phases. Similarly, a thermally tunable mid-infrared metamaterial made of a Y-shape plasmonic antenna array on a VO 2 film was demonstrated. 27 Besides, Ben-Abdallah et al. 28 proposed a phase-change thermal antenna made of patterned VO 2 gratings that exhibits switchable thermal emission enabled by surface plasmon polaritons excited only at the metallic phase of VO 2 .
In this work, we propose a switchable metamaterial absorber/emitter by turning on or off the excitation of magnetic resonance using a VO 2 spacer layer upon its phase transition. Figure 1 (a) depicts the proposed structure, which consists of a 1D gold grating with period K ¼ 1 lm, stripe width w ¼ 0.5 lm, and height h ¼ 80 nm on a gold film separated by a thin VO 2 spacer layer with thickness d ¼ 80 nm. The bottom Au film could be as thin as 100 nm as long as it is optically opaque. Here, the phase transition of VO 2 is driven by a temperature-controlled stage, which the structure is placed upon, while the heating or cooling could be realized by different means in a particular application.
The finite-difference time-domain (FDTD) method (Lumerical Solutions, Inc.) was employed to numerically calculate the spectral-directional reflectance R, from which the spectral-directional absorptance of the metamaterial structure was obtained as a ¼ 1 À R. A unit cell with a domain size of 1 lm Â 1 lm Â 6 lm was simulated, and sufficiently fine meshes were used to ensure the numerical convergence. Periodic boundary condition was used in both x and y directions at normal incidence, while Bloch boundary condition was implemented at oblique incidence. Perfect matched layers with reflection coefficients less than 10 were applied in z direction. The transverse magnetic (TM) waves, at which the magnetic field H is parallel to the grating grooves, were considered here because magnetic resonance can be excited only under this polarization in 1D grating structures. 14, 15 The optical properties of gold were taken from Palik. 29 The dielectric function of the metallic VO 2 was obtained from a Drude model, while the insulating phase was modeled as a uniaxial medium with a dielectric function tensor 
where e O and e E are the ordinary (i.e., when incident electric field is perpendicular to its optical axis) and extraordinary (i.e., when incident electric field is parallel to its optical axis) components, respectively. Note that only e O plays a role at normal incidence, while e E has to be considered at oblique incidence. 30 Figure 1(b) shows the spectral absorptance of the metamaterial structure at normal incidence in the mid-infrared regime from 3 lm to 8 lm in wavelength upon VO 2 phase transition. When the structure temperature is below 68 C, i.e., VO 2 is at dielectric phase, a large absorption peak occurs with perfect absorption at k max ¼ 4:96 lm: The full width at half maximum (FWHM) for this peak is Dk ¼ 0.72 lm, resulting in a quality factor of 6.89, defined by Q ¼ k max =Dk. However, when the temperature is further increased beyond the phase transition temperature, VO 2 turns into metal and the absorption peak disappears with absorptance less than 0.15 at the same wavelength. The structure essentially becomes reflective in the considered mid-infrared regime. Therefore, simply by controlling the temperature below or above 68 C, the absorption peak around 5 lm could be turned "on" or "off," suggesting a switchable selective metamaterial absorber upon VO 2 phase transition. It is worth noting that the spectral-directional absorptance is equal to spectral-directional emittance, according to Kirchhoff's law. Therefore, such a metamaterial structure could potentially be a switchable infrared thermal emitter, which would find applications in space cooling, building energy management, and energy-efficient light sources.
To illustrate the underlying mechanism for the switchable metamaterial absorber/emitter, the electromagnetic field distributions at the peak absorption wavelength k max ¼ 4:96 lm were plotted at the "on" and "off" modes, respectively, shown in Figs. 2(a) and 2(b). The cross section of two unit cells was presented with the top gold grating, VO 2 layer and bottom gold film delineated. The arrows represent the electric field vectors, while the background contour indicates the relative strength of magnetic field to the incidence as log 10 jH/H 0 j 2 . As seen in Fig. 2(a) , in which the VO 2 is at its dielectric phase, strong magnetic field energy with two orders of magnitude larger than the incidence is localized inside the insulating VO 2 layer between top and bottom gold layers, which is responsible for the strong resonant absorption at this particular wavelength. Moreover, the electric field vectors around the localized magnetic field suggest a current loop. This is the exact behavior when magnetic resonance is excited, which has been previously studied in the similar metamaterial structures with metal-insulator-metal configurations. [14] [15] [16] [17] When magnetic resonance is excited, anti-parallel electric currents are formed around the antinode of the localized magnetic field. The anti-parallel electric currents are due to the non-uniform charge distribution within the metal surfaces at the top and bottom of the dielectric VO 2 spacer. Charges with opposite signs accumulate at the left and right edges of the gold strip and the bottom gold film across the dielectric spacer. When the VO 2 is a dielectric, the charges form a capacitor C m between top and bottom metals, while the metals serve as inductors, as illustrated in Fig. 3(a) . The existence of the capacitor with the insulating VO 2 is critical in this inductorcapacitor (LC) circuit to excite the magnetic resonance at a particular wavelength.
However, as shown in Fig. 2 (b) when the VO 2 becomes metallic, the strong magnetic field confinement disappears, which results in the absorption peak to be switched "off." This can be explained by the fact that the capacitor C m can be no longer formed when VO 2 is metallic. In other words, the top and bottom metals are shorted by the metallic VO 2 such that charges with opposite signs cannot accumulate across the VO 2 spacer layer to form a capacitor. Without a capacitor, the resonance of an LC circuit cannot be excited.
To further explain the underlying physics, detailed analysis with the LC model is presented here. Based on the insights gained from the electromagnetic field distribution on the charge distribution, the top and bottom metals can be treated as inductors, which include two components as mutual inductance L m and kinetic inductance L k per unit length along the grating groove direction with the expressions as 14, 15 
where l 0 is the magnetic permeability of vacuum, e 0 is the electric permittivity for vacuum, x is the angular frequency, e 0 Au is the real part of the permittivity of bulk gold, and d Au is the penetration depth of bulk gold. The insulating VO 2 spacer helps to form a parallel-plate capacitor C m , which can be expressed as 14, 15 
where c 1 ¼ 0.22 is the coefficient that accounts for nonuniform charge distribution at the metal surfaces, and e d is the permittivity of insulating VO 2 , which has to be positive. Metallic VO 2 possesses a negative permittivity, which fails to form a capacitor. 30 The magnetic resonance occurs when the impedance of the LC circuit becomes zero, which results in the resonance condition to be determined by
For the structure with insulating VO 2 considered in Fig. 1(b) , the LC model predicts the magnetic resonance to occur at k MR ¼ 4:86 lm, which yields a 2% relative error compared to the FDTD simulation. Similar LC circuit models have been successfully employed to verify the physical mechanism and predict the magnetic resonance conditions in plasmonic metamaterials. [31] [32] [33] It is worth mentioning that there is an additional capacitance, called gap capacitance C g , which considers the electromagnetic coupling between the neighboring gold stripes. 14, 15 However, calculation showed that C g is less than 2% of C m in the present study and thus is reasonably neglected here. Figure 3 (b) presents the contour plot of the normal absorptance of the proposed switchable metamaterial as a function of wavelength and stripe width when it is at the "on" mode with insulating VO 2 . The bright contour band indicates the absorption peak associated with the excitation of magnetic resonance. It is clearly seen that, the resonance peak shifts to longer wavelengths when the stripe width increases from 0.3 lm to 0.8 lm, suggesting that the peak could be easily tuned to obtain the selective absorption at desired wavelengths by varying different geometric values during the structure design process, to meet different application needs. The predicted resonance wavelengths from the LC model were also plotted as triangular makers for comparison, which match well with the resonance band from the FDTD simulation, undoubtedly confirming the underlying physics as magnetic resonance. The geometric dependence of the resonance wavelength is also clearly suggested from the inductance and capacitance expressions. When stripe width w increases, L m , L k , and C m will become larger according to Eqs. (2)- (4), and thereby the resonance wavelength from Eq. (5) increases.
The behavior of the switchable metamaterial absorber/ emitter at oblique angles is also important for sensing and energy related applications. The absorption or emission associated with excitation of magnetic resonance has been demonstrated with angular independent behaviors, but previously studied metamaterial structures were made of isotropic materials. 14, 15, 17 In our proposed structure, the insulating VO 2 is a uniaxial medium and exhibits anisotropic optical behaviors at oblique incidences. The effect of VO 2 anisotropy on the magnetic resonance and the radiative properties of the switchable metamaterial absorber/emitter needs to be studied and understood. Figure 4 plots the directional absorptance of the switchable metamaterial with insulating VO 2 at the magnetic resonance wavelength of k max ¼ 4:96 lm in the hemisphere with the incident angle varying from À85 to 85 at TM polarization from the FDTD simulation. The absorptance remains near unity from normal direction to h ¼ 30 , slightly decreases to 0.83 at h ¼ 60 , and then drops quickly when it approaches the grazing angle. Surprisingly, the phase-change metamaterial absorber still exhibits strong diffuse behavior at the absorption peak even though the insulating VO 2 is anisotropic at oblique angles. This can be explained by the insignificant difference between the ordinary and extraordinary dielectric functions of insulating VO 2 . 30 Materials with larger anisotropy like hyperbolic metamaterials might affect more the radiative properties at oblique angles. 34 In conclusion, we have demonstrated a switchable metamaterial absorber/emitter by thermally turning on or off the excitation of magnetic resonance upon the phase transition of VO 2 . A perfect absorption peak exists selectively around k ¼ 5 lm when the VO 2 is at the insulating phase, and the peak wavelength can be easily tuned with different stripe width. The absorption peak disappears when the VO 2 is metallic by increasing the temperature beyond the phase transition at 68 C. Note that the phase transition temperature of VO 2 can be tuned through doping 35, 36 for applications that require different switching temperatures. The underlying mechanism is explained in detail as the excitation of magnetic resonance with the help of electromagnetic field plots and the LC circuit model. Diffuse behavior of the switchable metamaterial is also demonstrated at oblique angles for TM waves. Polarization-independent switchable absorber/emitters could be realized with symmetric 2D grating structures. 16, 17 The results would facilitate the design and application of a new class of switchable metamaterials in active thermal control for building and space cooling, as well as active thermal detectors.
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